Introduction
In southern Sweden, there is a natural convergence zone between boreal and nemoral forests (Ahti et al., 1968; Bohn and Weber, 2000) . While nemoral broadleaved species are more competitive in the southernmost part, boreal species have an advantage in the north. Due to differential growth dynamics, tree species can intermingle in boreal and nemoral forests following natural or anthropogenic disturbances, leading to site-specific species mixtures and compositions (Nilsson et al., 2002; Bolte et al., 2009) . Furthermore, climate change and associated shifts in range boundaries can lead to species compositions changing at particular sites over extended periods of time (Lindbladh et al., 2000) .
The southern part of Sweden is called Götaland (Figure 1 ) that comprises 5 million ha of forest. Here, the current proportion of mixed forest amounts to 20.5 per cent -defined by the Swedish National Forest Inventory (NFI) as forest with a minimum of two tree species, the least abundant of which accounts for ≥30 per cent of the total basal area. Other forest types are 39.1 per cent spruce, 24.2 per cent pine, 4.4 per cent valuable broadleaves, 8.5per cent other broadleaves and 3.3 per cent bare land (NFI, 2007) . Broadleaf forests can also contain a mixture of other tree species in high proportions and here we show that even the pine or spruce forests may contain substantial proportions of other tree species.
In general, the percentage of tree species in mixed forests strongly depends on site characteristics and patterns of disturbance, including those caused by forest management. There is clearly potential for pioneer tree species to establish after final clear felling in Swedish forests. Thus, in young age classes, there is a high proportion (40 per cent) of mixed forests, in which a second tree species accounts for ≥25 per cent of the total basal area (Skogsdata, 2002) .
After long periods without major disturbances, shadetolerant species become increasingly dominant, and in the last ~200 years a major disturbance factor (fire) has been heavily suppressed in hemiboreal forests, which has complicated attempts to elucidate natural dynamics (Niklasson and Drakenberg, 2001 ). Important reference sites in this respect include pristine boreal forests (Leemans, 1991; Shorohova et al., 2009) , hemiboreal forest reserves such as Norra Kvill (Niklasson and Drakenberg, 2001 ) and reserves in the transition zone to temperate forests such as Siggaboda and Biskopstorp (Björkman, 1996; Lindbladh et al., 2008) . All of these forests comprise a mixture of tree species, although spruce tends to be strongly dominant in boreal reserves at higher latitudes (Fraver et al., 2008; Shorohova et al., 2008) . In Central Europe, the proportion of beech generally increases over time in forest reserves (Meyer et al., 2000) . In Götaland (where the three major types of natural vegetation are hemiboreal mixed forest, temperate mixed broad-leaved forest and temperate beech/ mixed beech forest; Hickler et al., 2009) , the processes
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Regardless of this ecological background, mixed species stands are generally considered to have a lower risk profile than pure stands (Olsthoorn et al., 1999; Röhrig et al., 2006) . However, this general rule has to be scrutinized on a species-specific basis. The combination of species with different ecological demands can be an advantage in case of extreme climatic events. For example, in a drought year, an admixed drought-tolerant species may be able to compensate for incremental losses suffered by species intolerant of water stress. Similarly, in the event of an outbreak of a monophagous insect, which might defoliate one particular tree species, the presence of a second tree species, not susceptible to attack, may balance any losses (SchererLorenzen et al., 2005) . Thus, combining tree species with different tolerances and susceptibilities to ecological and environmental stresses may be an effective silvicultural strategy. However, stands of mixed species can have two important disadvantages: timber productivity can be lower compared with pure stands of the species with the highest increment (Agestam, 1985; Kelty, 1992; Pretzsch, 2003; Vilà et al., 2003) and more effort may be required to promote the growth of less competitive species (e.g. Nichols et al., 2006) .
The stability of mixed species stands and the flexibility in relation to the timber market is also considered to be advantageous by many forest owners. Three-quarters of forests in southern Sweden are owned by 98 000 private individuals (Statistical Yearbook, 2008) . This broad ownership is naturally reflected in diverse management objectives and a wide range of specific preferences in relation to general goals such as sustainable timber production, biological diversity and aesthetics (Hugosson and Ingemarsson, 2004) . Forest owners usually define their management goals as promoting stand stability, minimizing investment costs and maximizing profit. The choice of tree species is integral to the decision processes involved in attempts to achieve these goals, except at sites that are already limited to a single species.
In the present study, a lower threshold for defining mixed forest was chosen compared with that used in previous studies (e.g. NFI, 2007) , because although the common definition of mixed forest (forest in which a second tree species accounts for at least 30 per cent of the basal area) provides very important information for routine management and planning, it may mask options to promote admixed tree species. Thus, an alternative definition of mixed forest is also applied here; forest in which the second tree species accounts for at least 10 per cent of the basal area. At this level, it is possible to promote the admixture of a reasonably low proportion of other tree species for ecological reasons, to spread risks or to meet criteria of certification schemes. Furthermore, at this level we are also better able to assess the response and resilience of forest productivity following disturbances to which the different species have varying susceptibility.
The primary aim of the study presented here was to determine the proportions of the main single-species and mixed tree species types of forest in Götaland by age, site and ownership classes. At the outset, we hypothesized that (1) forests with mixed tree species are more common than forests with a single tree species, (2) pine-birch mixtures are limited to early-successional stages of stand development, (3) spruce-birch mixtures mainly grow on wet sites and (4) the proportion of pine-spruce mixtures is higher in forests owned by private individuals than in forests with other owners. The second and third hypotheses were considered because such assumptions may limit the development of appropriate silvicultural strategies for these forest types. The last hypothesis is based on two ideas: first, that old pine forests with well-developed spruce undergrowth are very adequate to form multi-layered stands and secondly that multiple stand layers are more favoured by private forest owners than by forest companies.
Material and methods

Data description
The data analysed were obtained from two inventory cycles of the Swedish NFI in the period 1998-2007, in which different sample plots were examined, to increase the representativeness of minor tree species compositions. In each case, the plots were temporary, undivided, circular (154 m 2 ) and located on forest land in the Götaland counties of Skåne, Blekinge, Halland, Kronoberg, Jönköping, Kalmar, Östergötland, Västra Götaland and Gotland ( Figure 1 ). Details of the NFI design and protocols are available on the Internet (http://www-nfi.slu.se) and have been described by Ranneby et al. (1987) . In total, data from 8200 plots along 2425 tracts (each of which originally consisted of a rectangular trail in the field, along which eight sample plots were situated) were used here.
Within each plot, tree species and the diameter at breast height (d.b.h.) of trees ≥10 cm were recorded in the inventory, and smaller trees with d.b.h. <10 but ≥4 cm were callipered on a smaller subplot within a 5-m radius of the same centre. Still smaller trees with d.b.h. <4 but ≥0.1 cm were counted on two 5-m 2 plots within the larger plot. All three size classes were used to calculate stem number and basal area. Further data relevant to the present study were also recorded by the NFI, in particular, stand age, soil moisture class (dry, mesic, moist-mesic, moist or wet) and ownership (private, forest company, state, church, others).
Three definitions of mixed forests (in the sample plots) are applied in this paper: (1) forests in which each of the species account for at least 30 per cent of the basal area (the common definition, e.g. NFI, 2007); (2) forest in which each of the species account for at least 10 per cent of the basal area (the alternative definition and the main focus of the present paper) and (3) forest in which more than one tree species were present in any proportions (the strict definition).
If the mean height of the forest was <7 m, then stem number percentages were used instead of basal areas in the definitions of mixed forest.
The trees registered by the NFI in the sample plots are classified in this study in the 12 groups listed in Table 1 (eight consisting of frequent single or congeneric species, two consisting of infrequent species with similar growth patterns and two consisting of '" other conifers'" and '" other broadleaves'" ).
Statistical tests
An approximation of Hotelling's T 2 test (Winer, 1962 ) was used to determine, for the most frequent species compositions, significant differences in the proportions of old and young forest, the soil moisture class distribution and the ownership distribution. Due to the sampling design of the NFI (which includes several plots per tract, thus the plots along each tract are not independent), each tract is considered as an independent sample. For that reason, according to Wald (1943 , cited in Agresti, 1990 , the Hotelling test was applied as generalization of the Student's t test that allows an observed distribution (e.g. proportions of different site classes in a particular forest type) to be compared with an expected distribution (e.g. proportions of different site classes in the total forest area).
In a first step, the average percentage of a particular forest type in each site and ownership class was calculated (equation 1):
In the next step, the difference between the average and expected values (=percentage of the total forest area) was calculated (equation 2):ˆ.
Since the variances and covariances of z j are needed, these were obtained from the ˆj p values using equation (3) (j = k for calculating variances of z j ):
1ˆˆ( , ). (4):
If T exceeded the 95th percentile of the χ 2 distribution with df = m − 1, the null hypothesis was rejected.
To compare the observed frequencies of young and old forest with a hypothetical, even distribution of young and old forest, the same procedure was applied, but only two age classes j = 1,2 (1 = young, 2 = old) were used. The test was defined as
where
forest types are subjected to specific rotation periods; in the present study, however, the proportion of forest in the age class 10-49 years was compared with that in the age class 50-89 years, irrespective of forest type. The youngest age class (from 0 to 9 years) was excluded from the analysis because the proportion of 
Results
Occurrence and proportion of tree species combinations
As stated above, in Sweden, mixed forest is usually defined by the presence of a second tree species accounting for at least 30 per cent of the basal area. According to this definition, 30 per cent of Götaland's forest could be classified as mixed. Using the alternative definition of mixed forest, i.e. forests containing a second species at a minimum 10 per cent of basal area, the overall percentage of mixed forest in Götaland increases to 59 per cent, and for forests with pine and spruce, the proportion increases from 35 to 70 per cent and from 33 to 68 per cent, respectively. Using the alternative definition for mixed forest, forests with 193 combinations of tree species were found. Table 2 lists the 28 most frequent combinations, each covering more than 10 000 ha. Together, these 28 combinations represented 4.4 million ha of the total 5 million ha of forest in Götaland. The remaining 165 combinations collectively cover ~320 000 ha of the total area. For most of these combinations, the data were not suitable for deriving quantitative descriptions, since the standard error (SE) of the estimated area of the 165 tree species combinations not shown in Table 2 was >25 per cent. The combination of spruce/birch/other broadleaves had a SE of 24.9 per cent, but covered <10 000 ha. Bare land covered 245 000 ha.
The most common type of forest, covering 20 per cent of Götaland's total forest area, was pure spruce. This type, together with single-species pine and mixed spruce/pine covered 52 per cent, and birch plus combinations of birch and conifers covered 26 per cent of the area.
Beech, oak and oak/beech mixtures (excluding other tree species) covered just 3 per cent of the area. If the third or strict definition of mixed forest is applied, i.e. forests in which any other species are present at any proportion, oak occurred on 14 per cent and beech on 4 per cent of the sample plots.
When applying the minimum 10 per cent basal area definition of a mixed forest, pine was found on 46 per cent of the forest area, spruce on 62 per cent and birch on 33 per cent (Table 3) . However, these percentages cannot be treated as additive since otherwise, due to multiple overlapping of tree species, the total forest area sums to 166 per cent. Applying the common definition with a minimum 30 per cent basal area covered by a second species, spruce (pure and mixed) occurred on 50 per cent of the forest area, while with the strict definition, that percentage increased to 73 per cent.
According to the strict definition of mixed forest, plots with more than one tree species represented 78 per cent of the stocked forest area, leaving only 22 per cent as singlespecies stands in the strictest sense. Seven tree species or species combinations represented 78 per cent of Götaland's forest (Table 2 ). These forest types were selected for the analyses of differences in proportions related to age, soil moisture and ownership of forests, as described below.
Age distribution of the seven most frequent tree species combinations
A large proportion of spruce forest was assigned to the age classes from 20 to 49 years (Figure 2) , and spruce forests were significantly more frequent in the age classes from 10 to 49 years than in the older age classes (50-89 years) ( Table 6 ). The pine/spruce combination was most frequent in the age class from 70 to 99 years, but showed a second peak in the 30-to 39-year age class (Figure 2 ). Pine/spruce was significantly more frequent in 50-89 years old forest than in younger forest (Table 6 ). Moreover, 6 per cent of the total forest area in Götaland, equivalent to 300 000 ha, was of pine/spruce forests older than 100 years ( Figure 2) . Pine, spruce/birch, pine/birch and birch were species combinations that were significantly more abundant in young forest than in older forest 50-89 years old. No significant differences were found among the different age classes for the species combinations of pine/spruce/birch or pine/birch (Table 6 ).
Soil moisture of the seven most frequent tree species combinations
Pine forest occurred more frequently on dry sites, compared with other forest types (Table 4 ). In total, 91.2 per cent of the spruce/birch mixtures occurred on mesic and moist-mesic sites. However, proportionally, spruce/birch was the most frequent type on moist-mesic sites. Pine/birch was the most equally distributed forest type across all moisture classes. The frequency distributions of all forest types among moisture classes differed significantly from the distribution of moisture classes across the total forest area (Table 6) . A fifth moisture class 'wet' is not represented in Table 4 due to its presence in only marginal amounts.
Ownership of the seven most frequent tree species combinations
In general, differences in the distribution of forest types among ownership categories were low (Table 5) . Statistically significant differences among the distribution of ownership across the total forest area were, however, observed for spruce, pine, pine/birch and birch (Table 6 ). Forest companies owned a higher relative proportion of pine than other forest owners (Table 5 ). The relative proportion of spruce owned by private individuals was no lower than average.
Discussion
Mixed forest and monocultures
The analyses based on different definitions highlight the widespread occurrence of forest composed of various mixtures of tree species and show that use of a lower than conventional threshold in the definition of a mixed species stand may facilitate forest management when low proportions of additional tree species need to be considered or are desired, e.g. spruce with a low proportion of birch (Linden, 2003) .
With respect to percentages of mixed and pure forest in Götaland, the present study has provided data that differ from official forestry statistics. The latter indicate that 39 per cent of Götaland's forest area is covered with 'spruce' stands and that spruce accounts for almost 50 per cent of the timber volume (Statistical Yearbook, 2008) . However, these statistics can be misinterpreted if the stands are considered to represent pure monocultures. The present study reveals a considerable proportion of spruce in mixture with other tree species on the stand level. According to the applied definition, only 20 per cent of the forest area is covered with 'spruce stands. This may be advantageous, since mixed species stands are generally regarded as being more stable than pure stands, and spruce generally grows more rapidly than other native tree species.
Site characteristics
Tree species compositions of forest stands are substantially influenced by site characteristics (Ellenberg, 1996; Engelmark and Hytteborn, 1999) . The present study found significant differences among the distributions of seven important forest types (Table 6 ). However, large proportions of each forest type were located on the most typical mesic and moist-mesic sites: e.g. 91 per cent of spruce/birch mixtures occurred on these sites (Table 4 ). The hypothesis that spruce/birch mainly grows on wet sites was therefore rejected since this forest type was not found on any wet site. Figure 2 . Age class distribution of the seven most frequent tree species or species combinations (in which each species accounts for at least 10% of the total basal area). Species/groups of species with proportions <0.2% are not shown.
Stand age and silvicultural implications
The hypothesis that pine/birch mixtures are limited to earlysuccessional stages was also rejected, since this forest type was found among stands in a broad range of age classes (albeit at higher proportions in young stands than in older stands). A similar pattern was generally observed for species mixtures containing birch and conifers. With respect to the proportion of mixed stands that occur in Götaland, our results complement the findings of Fahlvik (2005) that precommercial thinning has great potential to promote mixed stands with birch and conifers. While the regeneration of mixed tree species is easily achievable on many sites (Agestam et al., 2005) , silvicultural measures to maintain spruce/birch mixtures may reduce timber production and net value during the whole rotation (Fahlvik, 2005) . However, in young stages of development, Linden (2003) found no significant differences in timber productivity between spruce mixed with 20 per cent birch and pure spruce stands. Since both species differ in height development and growth (Mård, 1996) , case studies covering various sites are needed to assess the potential height and crown development of species in relation to age and silvicultural treatment. In the later stages of growth, the model by Agestam (1985) provides sufficient guidance for mixed forest.
Ownership
A third hypothesis, that pine/spruce mixtures are more frequently owned by private individuals, was also rejected.
Our results indicate that, on the contrary, forest companies hold a higher relative proportion of pine forest than other forest owners and that pine mixtures with other species did not seem to be disfavoured (Table 5 ).
The relatively high proportion of spruce in private forests might reflect the preference of simple management practices or the advanced natural ingrowth that occurs in less intensively managed forests. In either case, spruce is an easy and feasible option for many forest owners, especially with regard to its establishment. However, there is a broad range of types of forest owners (Törnqvist, 1995) , who are not distinguished in Table 5 .
Conclusions
The total number of tree species combinations was very high. For most mixtures (e.g. beech mixed with other noble broadleaves), the available data were insufficient to allow quantitative descriptions. However, the proportions in which they currently occur should not be the only criterion for identifying important forest types, especially if predicted changes in proportions of different tree species, based on future climate change scenarios, are taken into account. Qualitative information can be used too: e.g. forest communities can be classified according to phytosociology (Diekmann, 1999; Engelmark and Hytteborn, 1999) or tree species mixtures documented in literature (Linden, 2003; Bolte et al., 2009 ). In addition, forest development types applied in German or Danish management planning (Otto, 1994; LÖWE, 2004; Larsen, 2005) may be useful, provided that it is applicable to Swedish conditions. Another important input is the expertise, which can only be provided by local silviculturalists, required to fill gaps in the scientific knowledge concerning the specific development of tree species in mixed stands. A key task for forest scientists is to process all the available information, including any uncertainties, and present it in an accessible, readily understandable way to owners and operators who need to make site-specific and ownership-dependent stand-level management decisions.
In conclusion, there is a high proportion of mixed forests, but silvicultural guidance for these types of forest is limited. Even though mixed stands can require more effort to promote particular tree species, and can yield lower volumes, they can be advantageous for other reasons. Ultimately, the owner must decide whether the advantages of mixed stands outweigh the disadvantages, but to take such decisions rationally, information on the associated measures, costs and future developments is required.
In the context of climate change, Millar et al. (2007) suggest that no single solution can meet all potential future challenges; hence the best strategy is to mix different approaches in order to meet a range of possible situations. Especially in Swedish forestry, the climate scenarios for this century do not limit the silvicultural options that were given in the past (KSLA, 2004; Eriksson, 2007; SCCV, 2007) . However, there is an increasing need to balance aspects of stand stability and carbon sequestration. Site characteristics affecting stability, e.g. wind exposure or water supply, as well as the perception of forest owners, are becoming increasingly important. These, and other aspects of management, can only be evaluated at the level of individual stands. For that reason, information gained from analyses at other levels must be provided in a neutral, accessible form appropriate for stand-level considerations, in order to allow the most feasible options to be selected.
Methodological limitations
The main goal of the present study was to determine the proportions of different tree species mixtures present in Götaland. For that purpose, the NFI provided the most comprehensive data, although they differed from those given in the Statistical Yearbook (2008), which were based on different data sets, mainly due to the exclusion of permanent plots and partial sample plots (i.e. those divided by borders of forest land or borders between stands).
For the analysis, the tree species were aggregated into groups with similar growth patterns (Table 1) . Hence, lime and hornbeam were combined since both of these species are shade-tolerant and might require similar silvicultural treatments in mixed stands with oak or pine. Ash, elm, sycamore, Norway maple and cherry are all relatively fastgrowing noble broadleaves which would have similar silvicultural requirements (although cherry would need special attention). From a similar perspective, Scots pine and lodgepole pine could also be combined in a single group. However, an objective of the study was to obtain clear indications of the proportions and distributions of pure and mixed Scots pine stands; hence, Scots pine was considered separately from conifer species that occurred in very low proportions (and were merged).
The proportions of mixed forests defined according to the third, strictest definition could have been inflated by the presence of trees that were nearly dead. However, their proportional occurrence can be assumed to have been much lower than the percentage of dead trees recorded by the NFI survey, which was just 0.85 per cent of the total number of recorded trees in the data set. Thus, any possible bias they caused is likely to have been very weak.
The ratio of mixed species recorded in a plot may not reflect the ratio that occur in the whole forest stand since a plot recorded as having a sufficiently high proportion of different species for classification as a mixed stand might actually have been located at a specific microsite in a stand that would otherwise have been classified as less mixed or even pure (e.g. a spruce/birch plot in a pure spruce stand). However, any potential distortion in the data due to such sampling errors should be compensated by similar errors with an opposite bias: e.g. samples from plots comprising pure spruce in similar stands with scattered birches. This effect has been demonstrated in an unpublished standbased forest survey (översiktigt skogsinventeringen) conducted 15 years ago, which reported similar proportions of noble broadleaves to those found in the NFI survey.
Theoretically, samples almost always provide underestimates of the incidence of rare events (Zöhrer, 1980 ). Thus, rare tree species are likely to occur somewhat more frequently than the data acquired in the present study suggest.
